Ammonia inhibition can be a major problem during anaerobic digestion of manure and municipal and industrial sludges. Anaerobic digestion is sensitive to higher NH 3 -N concentrations, which are inhibiting and at certain levels even toxic for methanogen bacteria. The Nijhuis Ammonium Recovery (AECO-NAR) system can solve this problem and removes ammonium from digestate or other substrate for digestion. The AECO-NAR is a physical-chemical process based on stripping of ammonia. The ammonium is recovered as ammonium sulphate, which can be used as a fertilizer for agricultural purposes. The AECO-NAR was proven to be a robust process with a stable ammonium removal efficiency of 85-90% for anaerobic digested manure, municipal and other organic waste waters. The cost effectiveness mainly depends on the concentration of NH 4 -N in the influent, scale of the installation, the availability of residual heat and the local value and market for ammonium sulphate. Above 2 g/l NH 4 -N the AECO-NAR system is competitive and at higher NH 4 -N concentrations more cost efficient compared to other state of the art nitrogen removal technologies and ranges between 1 and 3 €/kg N.
INTRODUCTION
Many anaerobic digesters treating manure, slaughterhouse or municipal waste perform unsatisfactory due to ammonia inhibition. This inhibition is dependent on the concentration of NH 4 -N in the substrate and the pH of the substrate due to the equilibrium between NH 4 and NH 3 . The equilibrium reaction is shown below. The dissociation of NH 3 as a function of pH and temperature is shown in Figure 2 .
Generally, N-Kjehldahl is toxic for mesophilic bacteria at a concentration of 7 g/l at pH 7.2 and for thermophilic bacteria at 4.5 g/l at pH 7.2 (Borja et al. 1996) . Inhibition of ammonia reduces biogas production of the digester due to the toxification of the methanogen archaea. An ammonium removal and recovery system would not only prevent this inhibition and increase biogas production, but also recover the valuable nutrient nitrogen.
The objective was to develop a novel ammonium recovery system. Laboratory experiments were conducted in a continuous flow setup using influent and effluent waste streams of digesters at different process settings such as temperatures, pH values and airflows and with different packing materials for the stripping column. Based on the laboratory results a full-scale demonstration plant has been built. The optimal process conditions were determined to obtain the highest ammonia recovery in a stable and cost efficient system. This paper focusses on the results obtained from the full-scale demonstration plant.
MATERIAL AND METHODS
Based on the results of the laboratory tests a full scale demonstration has been designed. In Figure 1 a schematic overview of the demonstration plant for ammonia recovery is shown. Figure 2 shows a picture of the full-scale plant and Table 1 shows the specification of the stripping column.
The Nijhuis Ammonium Recovery (AECO-NAR) system process is designed to treat either raw substrate or digestate and consists of a heat exchanger, a CO 2 stripper tank, an ammonia stripper and a scrubber. The liquid fraction from the CO 2 stripper tank is treated in the ammonia stripper column where the pH and the temperature are controlled in order to reach a high volatilization of ammonia (.90%). In Figure 3 the dissociation of ammonia is shown as a function of temperature and pH.
The ammonia stripper uses recirculated air from the following scrubber as a carrier gas. To increase the effective contact surface between the liquid and the gas phase a packing material is used. The specification of the packing material is shown in Table 2 . The off-gas from the CO 2 stripping tank and the ammonia stripper is transported to the scrubber column where sulphuric acid is dosed to form ammonium sulphate. A heat exchanger on the effluent flow reduces the heat requirement of the system.
RESULTS
The goal of full-scale demonstration plant was to recover 75% total nitrogen, including the decanter. The capacity of existing effluent treatment plant was already exceeded and more wastewater was scheduled be treated due to an increase in production. Instead of increasing the capacity of the biological treatment, the AECO-NAR system has been installed to meet the original design criteria for NH 4 -N removal in the biological plant. For this purpose the process settings have been optimized to reach the goal of 75% TN reduction. The corresponding results for NH 4 -N recovery are shown in Figure 4 . Figure 3 shows that stable recovery efficiencies of 75-80% for NH 4 -N were achieved. The exhaust air has been monitored during the performance trials and varies between 0 and 10 ppm NH 3.
The effluent after the stripping column contains a lower pH and temperature (8.5 and 66°C) compared to the ingoing pH and temperature (9.0 and 70°C). The pH and temperature decrease throughout the stripping column resulting in a lower recovery in practice than the ammonia dissociation in Figure 3 shows in theory. Based on the ingoing values for pH and temperature a recovery of 90% is to be expected. The effluent values for pH and temperature correspond with a recovery of about 65%. The actual recovery of NH 4 -N is 75-80%.
To determine if the AECO-NAR system could reach higher recovery efficiencies three short term trials have been conducted. During these trials the pH was increased to 9.4 in order to increase the recovery efficiency of the AECO-NAR system. The effluent pH was 8.9. The recovery efficiency for ammonium was on average 90% during these trial. The concentration of the produced ammonium sulphate varies between 30 and 40%.
Pilot trials have shown that prior to optimization of the CO 2 stripping tank a 50-60% NH 4 -N recovery rate was possible without dosing caustic. After optimization of the CO 2 stripping tank a NH4-N recovery rate of 60-70% is possible without caustic dosage. The results of the optimization are shown in Figure 5 .
Costs per kg N removed
In order to determine the economics two reference cases are described below. Firstly the case of the fullscale demonstration plant for treatment of 75 m 3 /d excluding the decanter. Secondly a reference for a larger scale treatment plant of 300 m 3 /d. The full-scale demonstration included an anti-scalant prevent scale deposits to grow and clog the system. Further optimization has taken place for the 300 m 3 /d plant where scaling is forced in the CO 2 stripping tank and is removed mechanically, saving € 0.35 per kg N recovered in operational costs. The starting points for each of these cases are shown in Table 3 . The total costs per item are shown in Table 4 and are expressed as costs per kg N recovered. The capital costs are estimated based on a AECO-NAR system without front-end dewatering equipment.
The calculations in Table 4 are based on influent containing a NH 4 -N concentration of 2.5 g/l as shown in Table 3 . In Figure 6 the costs per kg N recovered are shown for reference 2 at a variable NH 4 -N concentration. A cost calculation for reference 2 has been included based on a NH 4 -N recovery of 65% without caustic dosage as a comparison. Both with and without the availability of residual heat is calculated. Figure 6 shows at a NH 4 -N concentration above 1.5 g/l the costs per kg N recovered are significantly lower compared to NH 4 -N concentrations below 1.5 g/l and start to level at concentrations above 4 g/l. When residual heat is available from a CHP the costs per kg N decrease significantly. Figure 5 | NH 4 -N recovery without caustic dosage. 
CONCLUSIONS
The results show that stable nitrogen recovery rates of 80%-90% can be achieved by the AECO-NAR system. Without caustic addition a recovery rate of 60-70% can be achieved. The recovery rate of the AECO-NAR system is highly adjustable, depending on temperature and pH set points. Ammonium sulphate can be produced at a desirable concentration between 30 and 40%. At concentrations of NH4-N above 1.5 g/l the costs per kg N of the AECO-NAR system is competitive compared to other new technologies for nitrogen. At high concentrations NH4-N of 4 g/l the costs can decrease to approximately 1 €/kg/N recovered making the AECO-NAR more cost efficient compared to other technologies. Other significant influences on the cost price per kg N are the scale of the installation, the availability of residual heat and the local value and market for ammonium sulphate. 
